The present work addresses the coupling of a flamelet database, to a low-Mach approximation of the NavierStokes equations using scalar controlling variables. The model is characterized by the chemistry tabulation based on laminar premixed flamelets in combination with an optimal choice of the reaction progress variable, which is determined based on the computational singular perturbation (CSP) method. The formulation of the model focuses on turbulent premixed flames taking into account the effect of heat losses, but it is easily extended to partially premixed and non-premixed regimes. The model is designed for applications in both, Reynolds-averaged Navier-Stokes (RANS) as well as large-eddy simulations (LES) and results for the two methods are compared. A priori analysis of the database is presented to demonstrate the influence of the reaction progress definition and the chemistry tabulation is validated against a one-dimensional premixed laminar flame. The validation of the turbulent case is performed using a turbulent premixed confined jet flame subject to strong heat losses, in which the model shows a good overall performance.
Introduction
The increasing energy demand and the yet more restrictive current emissions regulations are forcing the development of more efficient thermal systems and combustion engines [1] . As the main part of the global energy supply is still based on fossil fuels [2] , the understanding of the combustion process is essential, since the chemical energy of the fuel is converted generally into thermal energy by combustion. Major challenges in the design of modern combustion engines include the reduction of pollutant emissions, increment of fuel flexibility, increasing cycle efficiency and flame stability [3] . To achieve these goals, an accurate description of the interaction of turbulence, chemical reactions and thermodynamics is required. In this context, the use of advanced numerical simulations is becoming a fundamental tool to provide detailed insights into the physical processes at relatively low cost. However, due to the different time and length scales existing in the combustion process, taking into account detailed chemistry in numerical simulations is still a challenge.
Although several attempts have been made to include detailed chemistry in numerical simulations of turbulent flames [4, 5] , these applications are still limited to relatively simple geometries and reduced reaction mechanisms due to the high computational cost. In particular, the inclusion of detailed chemistry of complex fuel blends for industrial applications is still prohibitive [6] . To overcome this difficulty, combustion models based on tabulated chemistry have been proposed to investigate the dynamics of turbulent flames at reduced computational cost [7, 8, 9] . Instead of solving transport equations for all chemical species involved in the reaction process, one or several scalars are used to represent the combustion chemistry in composition space [10] . Several reduction techniques have been proposed to separate fast and slow chemical scales. The intrinsic low-dimensional manifold (ILDM) was developed by Maas and Pope [11] to reduce chemical schemes for certain operating conditions. The CFI model (the abbreviation represents the controlling variables: reaction progress c, mixture fraction f and enthalpy scalar i) developed by Derksen et al. [12] used a similar approach of reducing the chemical subspace by separating the different reaction time scales. The computational singular perturbation (CSP) method [13, 12] was used to identify the species associated to fast and slow scales. These models yield good prediction capabilities in the high temperature range. However, non-equilibrium phenomena associated to the fast time scales, are not correctly reproduced. To overcome this disadvantage, the reduction method was extended to account for low-temperature regions and Lewis number variations by Gicquel et al. [6] in a model called flame prolongation of ILDM (FPI). Another well-established reduction method that is based on the solution of a steady, one-dimensional laminar flame for the generation of a manifold is the flamelet generated manifold (FGM) method proposed by van Oijen et al. [7] . These reduction methods have been successfully applied to premixed, non-premixed and partially premixed flames [14, 7, 8, 9, 15, 16, 17] .
The combustion model presented in this paper, makes use of the FPI/FGM approach for chemistry tabulation and is based on laminar premixed flamelets. Scalar controlling variables are used to couple the tabulated chemistry to the flow solver in the combustion simulation. In the current framework of premixed, non-adiabatic combustion, a thermo-chemical database is generated by systematically varying the conductive heat losses at the burner inlet using a burner stabilized premixed flame. The database is then parametrized in terms of the normalized enthalpy and the reaction progress variable (RPV), which represents the state of reaction, storing transport properties and the RPV source term.
While the RPV is usually defined based on heuristic approximations and a priori knowledge of the flame characteristics, definitions based on optimization methods have been recently proposed [18, 19] . In these approaches, constraints, like monotony and gradient thresholds, are formulated based on the chemical trajectories of the laminar flamelet. Subsequently, optimization tools are used to find the best definition of the RPV, which satisfies the constraints. In the current work, an optimized choice of the RPV definition is proposed making use of the computational singular perturbation (CSP) method [13, 12] . The CSP method is applied to the laminar premixed flame computation prior to the tabulation process in order to obtain a RPV definition, in which the information about the different chemical time scales is incorporated. This results in an optimized choice of the RPV yielding to a more uniform distribution of the chemical subspace over the entire range and a reduction of the species derivatives in the thermo-chemical database. Furthermore, no a priori knowledge of the flame characteristics is required for the RPV definition.
An approach based on presumed shape probability density functions (PDF) is applied for chemistryturbulence interaction. The proposed model is applied to address high-fidelity numerical simulations in the context of large-eddy simulation (LES), but is also designed to provide acceptable results for industrialtype applications for Reynolds-averaged Navier-Stokes (RANS) simulations. Therefore, in the course of the paper, the model definition is discussed with a view to the differences between RANS and LES, and finally the results of the two formulations are compared for a premixed turbulent jet flame.
The proposed combustion model is implemented in the High-Performance Computing (HPC) multiphysics code Alya [20] . Alya is based on the Finite Element method using the Variational Multiscale Stabilization (VMS) approach [21] and is designed for large-scale parallel applications [22] . Even though the current work focuses on premixed combustion and the influence of heat losses, the model formulation can be extended to partially premixed and diffusion flames by the addition of the mixture fraction as an additional controlling variable. A special computation of the temperature based on a polynomial expression is used, which allows the application of the model in a low-Mach framework as well as for fully compressible flows.
In the current paper, the proposed combustion model and the implementation in the HPC finite element code Alya is validated for the turbulent premixed jet flame that has been experimentally investigated by Lammel et al. [23] . The conditions under investigation correspond to a confined lean premixed methane/air flame with equivalence ratio of 0.71. The burner is operated at ambient pressure with a mixture preheated up to 573 K. The same test case has been used for numerical validation by other authors and the main results are subsequently summarized. Donini et al. [24] investigated the influence of heat loss using a FGM implementation in the commercial CFD code CFX in combination with a RANS approach. It was shown that for the current test case the addition of heat losses in the combustion model is essential to correctly predict the flame structure. Fancello et al. [25] performed a LES simulation of the premixed jet flame using the FGM model in OpenFOAM and Proch et al. [26] used the test case to validate different heat loss modelling approaches for FGM in the context of LES. The present work is a contribution to the modelling of the combustion dynamics of this test case, in which RANS and LES are systematically compared using the same turbulent combustion model and numerical methods.
The current paper is organized as follows. In section 2.1, a detailed description of the chemical database calculation is given followed by the mathematical modelling employed for turbulent calculations in RANS and LES (section 2.2 and 2.3). In a first testing step, the formulation of the combustion model is compared against a detailed chemistry computation for a one-dimensional laminar premixed flame in section 3. Subsequently, in section 4 the model performance for RANS and LES is evaluated using a turbulent premixed jet flame subjected to heat losses.
Mathematical modelling
This section describes the mathematical modelling used in the current work to obtain the solution fields for RANS and LES. The proposed combustion model is described in detail. Focus is set on the procedure of the chemistry tabulation and the transport equations that are used to represent the combustion chemistry in the numerical calculation. Moreover, the utilized governing equations of fluid dynamics are presented in the low-Mach framework with emphasis on the differences between RANS and LES.
Chemistry tabulation
The proposed combustion model is based on the generation of a thermo-chemical database from a detailed chemistry calculation of a one-dimensional premixed flame. This procedure reduces the stiffness of the reacting flow simulation and is performed in a pre-processing step. In this section, the tabulation procedure is described. First, the solution procedure of laminar premixed flame calculations is introduced, which serves as a base for the chemistry tabulation. Subsequently, the reaction progress variable is defined based on the CSP method and the influence of this definition on the tabulation is discussed. Finally, the addition of heat losses in the thermo-chemical database as well as the the treatment of turbulence-chemistry interaction are presented.
One-dimensional laminar premixed flame
The laminar premixed flame calculation is based on the solution of a freely propagating laminar flame using detailed chemical kinetics and transport properties. The conservation equations of mass, energy and species mass fractions along with the equation of state for an ideal gas mixture are solved for a steady, isobaric, quasi-one-dimensional flame propagation problem. The computation is carried out using PRE-MIX [27] , which is part of the CHEMKIN library [28] . The GRI-Mech 3.0 detailed mechanism [29] with 53 reactive species and 325 elementary reactions is used. An additional transport model has been added to the original source code that makes use of the unity Lewis number assumption. Using this assumption, the Lewis number is considered to be unity for all species and constant throughout the flame. Thereby, the complexity of the modelling is significantly reduced at the cost of neglecting the minor effects of differential diffusion. As recently demonstrated by Donini et al. [30] , the influence of differential diffusion in the modelling of laminar methane flames is negligibly small. In a turbulent framework, the diffusion processes are governed by turbulent diffusion and the influence of the Lewis number assumption is even lower.
In the thermo-chemical database generation process, a freely propagating flame is used for the adiabatic case, while a burner stabilized flame formulation is employed to take into account heat losses in the chemistry tabulation (see section 2.1.3). The general solution of a one-dimensional laminar premixed flame calculation is presented in Fig. 1a showing the principal evolution of reactant, product and intermediate species along the spatial coordinate x. The reactants are consumed by chemical reactions to intermediate species and radicals. From these intermediates the combustion products are formed. 
Reaction progress variable definition
The proposed model is based on the flamelet concept, in which the flame is composed by a set of onedimensional flamelets. This modelling approach is based on the assumption that the local flame structure in a multi-dimensional problem does not differ from the one-dimensional case. In order to use the flamelet description for a multi-dimensional flame calculation, the laminar premixed flamelet is transferred to the reaction progress space. The formulation requires the definition of a reaction progress variable c, which represents the evolution of the combustion process from unburnt to burnt mixture. The definition of c is typically based on the the composed species mass fraction η [31, 32, 33] , which is also referred to as the unscaled progress variable:
where Y k is the mass fraction of species k and K is the total number of species in the reaction mechanism. b k describes the composition of the reaction progress variable and can be understood as a weight factor indicating the contribution of the mass fraction of species k to the composed mass fraction η. The composed species mass fraction is determined for all points in between the limits of unburnt reactants and the fully burnt mixture. These two conditions are then used to normalize the RPV:
where the superscripts u and b indicate the unburnt and burnt composition, respectively. Consequently, if η is monotonic between these two points, the reaction progress is zero in the limit of unburnt gases and unity for the fully burnt mixture. The normalized formulation will be referred to as reaction progress variable in the course of the paper. In Fig. 1b , the result of the transformation from physical space to composition space is illustrated for the general case of a laminar premixed flame solution. The b-vector, which describes the contribution of each species k to the composed species mass fraction η can be defined by any linear combination that ensures a monotonic behaviour of η along the entire flamelet. Different definitions have been proposed in the literature usually based on heuristic considerations and varying with the applications and fuel type [7, 8, 9, 15] . In the current work, a new method for the determination of the b-vector is proposed based on the Computational Singular Perturbation (CSP) method. The application of this method in turbulent combustion modelling has its origin in the definition of reduced chemistry models. The CSP mechanism is applied to identify the species associated with the fastest chemical time scales. By removing these scales, a slowly developing low-dimensional chemical manifold is constructed [13, 12] . In the current case, the CSP method is applied to obtain a b-vector in which the information about the different time scales is incorporated. This results in an optimized choice of the RPV yielding to a more uniform distribution of the chemical subspace over the entire RPV range and a reduction of the species derivatives in the thermo-chemical database. The use of the CSP reduces the uncertainty associated to the definition of the RPV and ensures an optimize choice for each application. 
Visualization of the b-vector determined by CSP.
As the b-vector is computed by the CSP method based on mole fractions, a transformation is required to obtain the b-vector for mass fractions prior to the use in Eqs. (1) and (2) using the relation:
where b
x k is the coefficient based on mole fractions and b k is the corresponding coefficient based on mass fractions. This correction is especially important for species with a molecular weight different from the mean molecular weight of the mixture W . The value of the mean molecular weight of the mixture varies slightly with the progress of chemical reaction. To obtain a constant b−vector, the mean molecular weight used for this operation is assumed to be constant along the flamelet and is calculated based on the reactants. Due to the very small variation of the mean molecular weight, the influence of this assumption is negligible.
In Fig. 2 , the resulting b-vector is presented, showing the contribution of the different species to the composed species mass fraction. The effect of the CSP-based reaction progress variable definition is visualized in Fig. 3 based on the RPV source term. The CSP-based definition is compared to other possible closures, which are frequently used in the framework of flamelet-type combustion models and represent linear combinations of combustion products, reactants or intermediate species. The selected combinations used for comparison correspond to common closures for methane and are given by:
All the aforementioned definitions result in a similar shape of the RPV source term. The source term based on the CSP mechanism, on the other hand, features some significant differences coming from the fact that the reaction time scales are taken into account in the RPV definition. In comparison to the reference definitions, the maximum source value is lowered by about 30%. Furthermore, the location of the peak value is shifted to a lower RPV value, which results in a more uniform distribution of the chemical reaction activity over the entire reaction progress space. This differences have a positive effect on the gradients that occur in the RPV space. Lower gradients are beneficial for the discrete PDF-integration procedure that is used for the treatment of turbulence-chemistry interactions (see section 2.1.4), as the absolute difference in each integration interval is reduced. In addition, it lowers the required database density to accurately resolve the chemistry in the complete numerical simulation. In the current case, the RPV space in the database is discretized with 100 points with a linear subdivision. Due to the different initial slope of the RPV source term, the definition might as well be beneficial for other applications like the prediction of low temperature phenomena and (auto-)ignition. The use of CSP for this kind of applications will be analysed separately in a consecutive paper. CSP mechanism 
Heat loss inclusion
For cases with low heat losses and/or compact flames, the influence of the heat loss on the chemical reaction rate is minor and can be neglected [9] . However, due to the strong temperature dependency of the chemical reaction rates, special treatment is required for cases in which the flame can interact with or gets close to the walls. In general, the heat losses lead to a reduction of the local temperature and, hence, an increase of the chemical reaction time scales.
For such cases, several flamelets at different enthalpy levels are required in order to accurately describe the combustion process [34] . Two different approaches can be chosen for the creation of the flamelets at reduced enthalpy: either the inlet temperature is reduced using a freely propagating flame configuration or the conductive heat losses at the burner inlet are increased by a reduced mass flow rate using a burner stabilized calculation. Fiorina et al. [35] have shown that both approaches lead to identical results in reaction progress space, but as the second approach has a lower limit at which a solution can still be obtained, it is generally preferred and used in this work.
The different enthalpy levels introduce a new dimension in the chemical manifold and the normalized enthalpy scalar is used as an additional controlling variable:
Consequently, a unity enthalpy scalar corresponds to adiabatic conditions, while a value of zero refers to the maximum heat loss that is incorporated in the chemistry tabulation. The maximum value of the enthalpy h max is obtained from adiabatic conditions and the associated mass flow rate is obtained from a freely propagating flame case. The lower limit h min is determined based on the source term of the reaction progress. Laminar premixed flamelets with increased heat losses are computed until the reaction source term vanishes. For the current case, the laminar flame speed of the flamelet with the highest heat losses is reduced to about 3 percent of the maximum flame speed. In a practical combustion problem, the heat losses can be higher than the lower limit provided in the chemistry tabulation. However, as can be extracted from Fig. 4 , the reaction source term vanishes at the lower tabulation limit. Therefore, additional heat losses still affect the local temperature but do not contribute to any further change of the chemical composition. Due to this selection approach for the lower limit of the enthalpy normalization, the number of required entries in the database is reduced. In between the two limits, several flamelets are obtained to ensure a sufficient resolution of the thermochemical database. For the current case, the enthalpy scalar is tabulated at 40 discrete values with a linear subdivision. The resulting two-dimensional database is visualized in Fig. 4 on basis of the source term of the reaction progress variable, which allows an analysis of the effect of heat losses on the chemical reactions. The absolute value of the source term is reduced with increasing heat loss, slowing down the overall chemical reaction rate. Additionally, the peak value of the source term is shifted to higher values of the reaction progress variable. 
Turbulence treatment
To account for turbulence-chemistry interactions, a stochastic approach based on a presumed-shape probability density function (PDF) is employed. A Favre-averaged description of the governing equations is followed to avoid the modelling of terms including density fluctuations [36] . Assuming an adiabatic calculation, the chemistry depends only on the reaction progress variable, so the ensemble Favre-average of a scalar can be defined as:φ
where the tilde indicates Favre-averaged variables and the overbar denotes Reynolds-averaged quantities. P (c) indicates the probability density function of the RPV. A β-PDF shape is used in the current work to define the subgrid scale effects, since it is assumed that moderate levels of fluctuations occur for this case [17] . The β-PDF is defined as:
with:
with the constraint of a, b > 0. From this constraint, the β-PDF is only valid for the variance of the reaction progress variable in the range c 2 <c(1 −c). In order to describe the entire (c, c 2 )-space, a double δ-PDF, which reproduces the behaviour of a β-PDF at high variance values, is used for combinations outside the valid range of the β-PDF [12] . The dimension of the resulting turbulent database is increased by one and can now be described by two controlling variables: the mean and the variance of the reaction progress variable. In the turbulent database, the variance of the reaction progress variable is tabulated at 25 discrete values. Since the β-function differs greatly in shape for small values of the variance a cubic subdivision of the grid points is chosen for the variance, distributing the points between zero and 0.25 [17] :
The two-dimensional database is visualized in Fig. 5 on basis of the source term of the reaction progress variable. The laminar conditions correspond to a variance of zero. An increased value of the variance can be understood as an increased turbulence level. The effect of an increased turbulence intensity is similar to the effect of increased heat losses: the maximum value of the source term is reduced, slowing down the chemical reaction rates. Additionally, the source term is distributed over a wider range due to a smearing effect that also reduces the gradients of the source term. For non-adiabatic calculations, the chemical evolution in the laminar database depends not only on the reaction progress variable, but also on the enthalpy scalar i. If the scalars are linearly independent and not correlated due to the turbulent flow field, statistically independent fields can be assumed and a single scalar PDF can be employed for each variable. In general, only weak dependency is expected for enthalpy and RPV as the enthalpy is only changing due to heat losses which are independent of the RPV. Furthermore, heat loss occurs mainly in regions in which the RPV already equals unity and the fluctuations are zero. Additionally, statistical correlations caused by the geometry of the domain or physically allowed values are eliminated by the normalization of the variables. Therefore, the statistical correlations between the normalized variables are assumed to be negligible and the averaging process is done using a factorized joint PDF approach:
Due to the almost linear dependency of the species mass fractions and temperature on the enthalpy scalar i, turbulent fluctuations in i are assumed to have only a small effect [37] and a δ-PDF is employed for the enthalpy. The main advantage of using the δ-PDF is that it only depends on the mean of the enthalpy scalar and higher moments do not need to be computed.
Controlling variables
The proposed combustion model is based on a reaction progress variable approach and a single scalar c is used to describe the state of reaction. For turbulent flow calculations, the mean of the reaction progressc and its first moment, the variance c" 2 , need to be determined to define the β-PDF. The following transport equations are solved for these two variables:
Even though the formal description of the equations is the same in RANS and LES, time-averaging is applied for RANS, while spatial-filtering is employed for LES. The reaction source termS c is defined, analogous to the definition of the reaction progress variable itself, as the normalized sum of the weighted production rates of each species:
The source term is calculated in a pre-processing step and tabulated in the thermo-chemical database as function of the controlling variables. The laminar diffusion coefficient D is determined based on the unity Lewis number assumption, as discussed in section 2.1.1. The turbulent diffusion coefficient D t originated from the unclosed term of the averaging or filtering operation is modelled using the eddy diffusivity hypothesis:
where µ t = ρν t is the turbulent viscosity and Sc t is the turbulent Schmidt number and is set to Sc t = 0.9 for the current case. P k and D k are the production and dissipation terms, respectively. Their modelling is essentially different for RANS and LES. In RANS the production and dissipation terms are given by [12] :
where the turbulent kinetic energy k and the turbulent dissipation rate ε as well as the turbulent viscosity ν t are computed by the use of a turbulence model. In the LES approach, the formulation proposed by Domingo et al. [17] is followed. The subgrid scale part of the scalar dissipation rate is modelled with the linear relaxation hypothesis and defining a filter width ∆, the production and dissipation terms are given by:
In the LES, the turbulent viscosity is computed by the subgrid-scale model. The effect of the variance in the LES is to thicken the flame front over the LES grid and wrinkling the flame due to the interaction between the reaction zone and the subgrid scale vortices.
To couple the thermo-chemical database to the numerical simulation in the non-adiabatic case, the mean value of the normalized enthalpy scalarĩ is required. However, the enthalpy scalar is only used to access the correct entry in the database and it is computed based on the non-normalized enthalpy presented in the next section (Eq. 18). Therefore, no additional transport equation is required for the enthalpy scalar itself.
Governing equations of fluid dynamics
For the sake of simplicity, the governing equations in RANS and LES will be written again in the same form. However, note that time-averaging is applied in RANS, while spatial-filtering is employed in LES. The time-averaged (RANS) or filtered (LES) equations governing the reacting flow field are the continuity, momentum and enthalpy equations:
where the physical variables are represented by the standard notation and the superscript * stands for the unclosed terms coming from the filtering or averaging operation. The heat production due to viscous forces is neglected in the enthalpy equation. The unclosed term in the momentum equation is modelled using the Wall-Adapting Local Eddy-viscosity model (WALE) [38] in LES, while the k-ω-SST [39] is used in RANS.
For both RANS and LES, the unresolved heat flux is modelled using a gradient diffusion approach [40] :
The enthalpy is defined as the sum of the sensible and chemical enthalpy, which is defined for each species as:
This is the low-Mach approximation, neglecting kinetic energy. The enthalpy of the mixture is then obtained by a summation over the species:
The temperature is linked to the enthalpy by a polynomial expression:
in which the a n represent the NASA coefficients [41] . The NASA coefficients have been designed to efficiently describe thermodynamic data. The coefficients depend on the local composition and are tabulated in the database for two different temperature ranges as a function of the controlling variables. The temperature is computed by inversion of Eq. 22. In practice, an iterative procedure based on a Newtons method is used to obtain the temperature implicitly. In addition to the thermodynamic coefficients and the reaction source term, mixture-averaged transport properties are tabulated for the thermal conductivity and the laminar viscosity. For the tabulation of these properties, deviations of the local CFD temperature from the flamelet temperature are neglected.
One-dimensional laminar premixed flame
In a first attempt to validate the modelling approach and the chemistry tabulation described in the previous section, a one-dimensional laminar premixed flame calculation is carried out. The flamelet, that has been computed with PREMIX and is used for the chemistry tabulation (see section 2.1), serves as a reference.
A two-dimensional domain is employed with symmetrical boundary conditions at the top and bottom end. The domain length is l = 2 cm, which is slightly longer than the PREMIX domain. The element size is determined based on the laminar flame thickness, which is obtained based on the PREMIX results using the following expression [36] :
It is found that 8 grid points placed inside the flame front are sufficient to describe accurately the temperature gradients. The mesh is created under this hypothesis and results in a total number of 400 elements. Contrary to the PREMIX computation, where most of the grid points are located in the flame front, the Alya mesh has a uniform spacing. The laminar flame speed obtained from the PREMIX calculation is used as inlet velocity at the cold boundary in the Alya computation. The same database as in the turbulent case is used, since by using c 2 = 0, the laminar behaviour is retained. The profiles of the temperature as well as some representative species are presented in Fig. 6 and compared to the reference solution. The results are in good agreement with the reference solution. Only the temperature at the hot boundary is slightly overpredicted in the Alya computation. The chemical composition is linked to the reaction progress variable and if the profile of the reaction progress variable is correctly computed, all species will also exhibit the correct behaviour. Consequently, the profiles of the mass fractions are computed accurately for all species. Even intermediate species like HCO, which only occur in the very thin flame front, are well predicted. This leads to the conclusion that the tabulation operation as well as the coupling procedure to access the chemical database is accurate. 
Turbulent premixed jet flame
This section focuses on the comparison of the numerical simulations, using the proposed combustion model, with the experimental data of a turbulent premixed jet flame. After a brief introduction of the test case, the simulation setup is given for RANS and LES. Finally the results are presented and discussed.
Test case description
The test case that is used for validation of the turbulent combustion model corresponds to an experimental facility at the German Aerospace Center (DLR). The operating point that is used in the current case is part of a test series of measurements conducted by Lammel et al. [23] . The combustor was designed to investigate the flameless oxidation (FLOX R ) regime and its application to gas turbines. It is a premixed turbulent jet flame confined in a rectangular combustion chamber and operated at atmospheric pressure. A methane/air mixture at an equivalence ratio of 0.71 is injected into the combustion chamber through a circular pipe. The jet nozzle is positioned off-centred to achieve a pronounced lateral recirculation zone and the flame is stabilized by the recirculation of hot combustion products. At the inlet, the mixture is preheated up to 573 K and injected with an inlet velocity of v in = 90 m/s. The walls of the combustion chamber are made of quartz glass to allow for optical access required for laser-based measurements. Due to the combustor design, conductive heat losses to the wall are significant and a distinctive feature of the test case.
A sketch of the geometry is given in Fig. 7 . Small geometrical details are removed in order to improve the meshing procedure. To reduce the computational requirements, the computational domain is shortened and extends up to 40 nozzle diameters d. As the flame is short respect to the combustor, the outlet of the computational domain is still located sufficiently far away from the region of interest. For the same reason, the length of the inlet pipe is also reduced. 
Simulation setup
In this section, the setup for RANS and LES simulations is presented. A part of the inlet pipe is included in the domain in order to allow for a natural development of the turbulent flow field before entering the combustion chamber and to reduce the influence of the boundary condition at the inlet. The inlet boundary conditions are set with top-hat profiles for temperature, progress variable and velocity. A random profile of white noise at 10% of turbulent intensity is superimposed to the velocity profile for LES to speed up the development of real turbulence. No-slip conditions are set for the velocity at the walls in the LES, while Reichardt's law-of-the-wall [42] is used for RANS, which has the advantage of describing all different regions of the turbulent boundary layer. The domain has been extended in the streamwise direction coarsening the grid to allow for the formation of a sponge layer and outflow conditions are applied for all variables at the outlet. The test case is characterized by considerable heat losses at the walls, but no measurements of the wall temperature are available, so the exact heat transfer conditions are unknown. Proch et al. [26] have chosen a wall temperature of T w = 1000 K based on the ageing behaviour of the quartz glass walls and claimed that the simulation results only showed a low sensitivity to this value. For the non-adiabatic simulations presented in this paper, isothermal wall boundary conditions are used for the enthalpy equation corresponding to a wall temperature of T w = 1000 K. However, in our simulations, a strong sensitivity of the wall temperature on temperature profiles is found. For further improvement and to take into account spatial variations, a conjugate heat transfer approach will be considered in the future. For the adiabatic case, a zero gradient condition for the enthalpy is applied.
The spatial discretization is based on the Finite Element method using the Variational Multiscale Stabilization technique [21] . A second-order Crank-Nicholson time integration scheme is used for LES, while a first order implicit backward Euler is used to obtain steady state solutions for RANS. Several grids with different resolution have been investigated to evaluate the dependency of the results with the mesh size. For the sake of brevity, only the results with the finest grid will be presented here. The mesh is unstructured and consists of about 5.0M tetrahedral elements. The cell size in the inlet pipe and the flame region is about 0.08d and gradually coarsens in the downstream regions towards the outlet. The same mesh is used for both LES and RANS simulations. An unsteady-RANS approach with a high Courant-Friedrichs-Lewy (CFL) number is applied to obtain the steady state fields in the RANS simulation. Time-averaged fields are presented, even though the time dependent fluctuations are very minor. The LES is run at a maximum CFL number of about 6. To remove the influence of initialization effects, the averaging process is started after 1.2 flow through times based on the averaged streamwise velocity in the domain. The flow was then time-averaged for a total of 4 flow through times based on the domain-averaged velocity, which corresponds to about 45 flow through times based on bulk velocity.
Results
This section addresses the comparison of the numerical simulations for RANS and LES using the proposed combustion model with the experimental data from Lammel et al. [23] . The main flow features can be identified from the instantaneous fields presented in Fig. 8 . The measured axial velocity is compared to the velocity predicted by the LES simulation. The lateral recirculation zone created by the off-centre positioning of the jet nozzle can be identified. This recirculation is well known to provide flame stability by bringing back upstream the hot products of combustion [43] . The local structures of the velocity observed in the experiments are accurately reproduced by the LES fields. These structures are caused by shear layer instabilities and also affect the temperature fields. These unsteady structures enhance the mixing process between hot products and cold reactants and, therefore, play an important role in the convective heat transfer.
A quantitative evaluation of the prediction capabilities of the proposed model for both RANS and LES is obtained by the comparison of axial profiles located at different locations: one, two, four, ten and fifteen nozzle diameters downstream of the jet exit. The uncertainties of the measurements are estimated to be 2.3 m/s for the velocity measurements and about 5% for the measured temperature and species distribution [23] .
The respective values are added to the profiles. In Fig. 9 , the time averaged results of the LES simulation are presented for different heat loss modelling approaches. In the first approach, heat loss is taken into account by imposing isothermal boundary conditions for the enthalpy equation but the effect of the heat loss on the chemical reactions is neglected. In the second approach, the effect of heat loss on the chemical reactions is taken into account by the introduction of an additional dimension in the chemistry tabulation (see section 2.1.3). The predicted axial velocity is in agreement with the measurements at all axial locations and only a small influence of the heat loss modelling approach is observed. The correct prediction of the transversal velocity is more difficult to capture due to the small absolute values and requires longer averaging times. Next to the relatively higher uncertainty in the measurements, there is an influence of the timeaverage period in the results at downstream locations, which are characterized by the slow scales. However, the flow features are correctly predicted at most locations with minor differences among the cases. The temperature profiles evidence the strong influence of heat loss in this burner configuration that contributes to the reduction of the burning rates and peak temperatures. The reduction of the peak temperature is already well predicted by the modelling approach in which the effect of the heat loss on the chemical reactions is neglected. It is found that the flame length is more accurately predicted taking into account the reduction of the reaction rates by heat losses. The temperature in the recirculation zone is slightly underpredicted at some locations by the simulation. This is most likely caused by the thermal boundary condition at the walls, which is constant along the entire combustor.
The corresponding root-mean-square (RMS) values for the LES are presented in Fig. 10 . The fluctuations at the shear layer are predicted by the LES even though the magnitude is not captured accurately at all locations. The temperature fluctuations show the correct trend as compared to the experimental data, although the RMS values are underpredicted at the last measurement location due to the underprediction of the flame length. For both heat loss modelling approaches, the fluctuations in the recirculation zone at locations close to the jet nozzle are slightly underpredicted. In general, the predicted flow field is expected to improve if the mesh is further refined.
The same simulations are performed using the RANS formulation and the results are shown in Fig. 11 for comparison. For completes, the results using adiabatic thermal boundary conditions are presented as well and emphasize the strong effect of heat loss in this test case. Both, axial and transversal velocity, are accurately predicted at all measurement locations. Only the transversal velocity in the recirculation zone is slightly overpredicted. Almost no differences in the velocity fields are observed for the different heat loss modelling approaches. For the non-adiabatic modelling approaches, the temperature is accurately captured in the recirculation zone. However, contrary to the LES, the flame length is only slightly affected by the different heat loss modelling approaches. This is caused by the underpredicted turbulence at the shear layer that induces low mixing rates. The low level of mixing leads to an underprediction of the convective heat transfer and hence, a shorter flame.
In the proposed model, a reaction progress variable is used for the description of the chemistry. During the computation, the local mixture composition is only used to determine the transport and thermodynamic properties. However, in a post-processing step detailed information about the chemical composition can be obtained using the fields of the controlling variables. Profiles of some major species mole fractions from the LES calculations are presented and compared to the experimental data in Fig. 12 . Only a small effect of the heat losses in the chemistry is observed for the locations close to the jet nozzle. However, for the downstream profile, significant differences in the composition occur due to the reduced chemical time scales for the case in which the chemistry is affected by heat loss. 
Conclusions and future work
A turbulent combustion model for premixed combustion is presented with application for RANS and LES. The model is based on the tabulation of chemistry using laminar premixed flamelets and a reaction progress variable is introduced to describe the state of reaction. An optimized choice of the RPV is obtained by application of the CSP method. The proposed model is tested in the framework of a CFD code that is specifically designed for large scale computations. The results for a laminar one-dimensional premixed flame calculation show excellent agreement with the detailed chemistry simulation and prove the suitability of the chemistry tabulation based on the RPV for an accurate description of the chemical kinetics at reduced computational cost.
Results are presented for a turbulent premixed jet flame confined in a rectangular combustion chamber. The main flow features are predicted correctly in both RANS and LES. The coherent structures due to the free shear layer are reproduced by the LES. Different approaches for the modelling of heat losses are presented and compared with the experimental data. It is shown that the influence of heat loss on the chemical reactions can be neglected in order to predict the peak temperatures but needs to be taken into account for a correct prediction of the flame length. The flame length is not very accurately computed in the RANS simulations due to the underprediction of the turbulent mixing and the convective heat transfer in the shear layer. The LES fields show a good overall agreement with the experimental data and better predictions are expected with more appropriate thermal boundary conditions at the walls. 6. Acknowledgements 
